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Inoculation of soybean (Glycine max) plants with Phakopsora pachyrhizi, the causal organism of Asian soybean rust, elicits a
biphasic response characterized by a burst of differential gene expression in the first 12 h. A quiescent period occurs from 24 to
48 h after inoculation, in which P. pachyrhizi continues to develop but does not elicit strong host responses, followed by a
second phase of intense gene expression. To correlate soybean responses with P. pachyrhizi growth and development, we
inoculated the soybean cultivar Ankur (accession PI462312), which carries the Rpp3 resistance gene, with avirulent and virulent
isolates of P. pachyrhizi. The avirulent isolate Hawaii 94-1 elicits hypersensitive cell death that limits fungal growth on Ankur
and results in an incompatible response, while the virulent isolate Taiwan 80-2 grows extensively, sporulates profusely, and
produces a compatible reaction. Inoculated leaves were collected over a 288-h time course for microarray analysis of soybean
gene expression and microscopic analysis of P. pachyrhizi growth and development. The first burst in gene expression
correlated with appressorium formation and penetration of epidermal cells, while the second burst of gene expression changes
followed the onset of haustoria formation in both compatible and incompatible interactions. The proliferation of haustoria
coincided with the inhibition of P. pachyrhizi growth in the incompatible interaction or the beginning of accelerated growth in
the compatible interaction. The temporal relationships between P. pachyrhizi growth and host responses provide an important
context in which to view interacting gene networks that mediate the outcomes of their interactions.

Interactions between plants and pathogens gener-
ally fall under the categories of compatible or in-
compatible. In compatible interactions, a host plant
supports the development and spread of a pathogen,
frequently resulting in disease. In incompatible in-
teractions, the plant is resistant to the growth of a

pathogen, resulting in no or reduced disease. Plant
defense responses are triggered by both nonspecific
and specific recognition of potential pathogens. One
type of defense, mediated by nonspecific recognition,
is termed pathogen-associated molecular pattern-trig-
gered immunity (PTI) and is triggered by conserved
properties of a particular class of microbes (Jones and
Dangl, 2006; Mackey and McFall, 2006; Bent and
Mackey, 2007). For example, plant cells recognize
certain bacteria through the perception of fragments
of the highly conserved flagellin protein (Felix et al.,
1999; Gómez-Gómez et al., 1999; Meindl et al., 2000),
while many fungi are detected through wall fragments
derived from the chitin polymer (Wan et al., 2008a,
2008b). Successful pathogens are able to overcome PTI
through the action of effector proteins that actively
suppress host defense (Jones and Dangl, 2006; Mackey
and McFall, 2006; Bent and Mackey, 2007). In turn,
plants have evolved to harbor resistance (R) genes that
mediate specific recognition of effectors produced by
particular races or species of pathogens, thus trigger-
ing massive defense responses (Jones and Dangl, 2006;
Mackey and McFall, 2006; Bent and Mackey, 2007).
This effector-triggered immunity (ETI) frequently re-
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sults in a hypersensitive response that curtails patho-
gen invasion.

Biotrophic pathogens such as the rust fungi (order
Uredinales) require living host tissues in order to
complete their life cycles. Like other pathogens, rusts
must escape or avoid PTI as they progress through
distinct phases of their life cycle, and they elicit ETI
through the secretion of effectors (Ravensdale et al.,
2011). Some R genes mediate early and rapid re-
sponses that arrest pathogen growth with no macro-
scopic symptoms. Other R genes allow growth for a
short time until pathogen recognition occurs, at which
time a macroscopic hypersensitive response develops.
Such responses may completely halt pathogen growth,
or the pathogen may continue to grow only at severely
reduced rates. The type of defense response exhibited
by the host plant is influenced by the timing of effector
delivery and effector interactions with cognate R pro-
teins. The timing of interactions between rusts and
their hosts is strongly influenced by the pathogen’s
formation of specialized feeding cells known as haus-
toria (Voegele and Mendgen, 2003). The importance of
rust haustoria in the production of effectors was
recently demonstrated for flax (Linum usitatissimum)
rust. Flax rust haustoria produce effector proteins that
are secreted and taken up by flax cells, eliciting ETI
(Catanzariti et al., 2006; Dodds et al., 2006; Ellis et al.,
2007a; Rafiqi et al., 2010).

Phakopsora pachyrhizi is an obligate, biotrophic, plant-
pathogenic fungus that causes the disease commonly
known as Asian soybean rust (ASR). P. pachyrhizi pri-
marily colonizes leaf tissue, and under favorable en-
vironmental conditions, infection can result in yield
losses ranging from 10% during mild disease pressure
to 80% during severe epidemics (Ogle et al., 1979;
Bromfield, 1984; Patil et al., 1997). Six soybean (Glycine
max) loci confer either immunity (Rpp1) or resistance
with little or no sporulation (Rpp1b, Rpp2, Rpp3,
Rpp4, and Rpp5; Cheng and Chan, 1968; Hidayat
and Somaatmadja, 1977; Singh and Thapliyal, 1977;
Bromfield and Hartwig, 1980; McLean and Byth,
1980; Hartwig and Bromfield, 1983; Hartwig, 1986;
Monteros et al., 2007; Garcia et al., 2008). The destruc-
tive potential of P. pachyrhizi coupled with its recent
introduction into the major soybean-growing coun-
tries of the Western Hemisphere has generated inter-
est in understanding the molecular interactions of
P. pachyrhizi with its soybean host and with nonhost
plants (Loehrer et al., 2008; Hoefle et al., 2009; Goellner
et al., 2010).

mRNA transcript profiling of compatible and in-
compatible soybean responses to P. pachyrhizi demon-
strated that soybean plants with or without the Rpp2
resistance gene respond strongly to P. pachyrhizi infec-
tion within the first 12 h after inoculation (hai; van de
Mortel et al., 2007). This initial response was followed
by an interval of time in which the fungus grew
virtually undetected and unchallenged. A second re-
sponse to P. pachyrhizi occurred in both resistant and
susceptible plants but happened earlier and with a

greater magnitude in resistant plants, suggesting that
ETI was elicited at this time. The striking biphasic re-
sponse suggested that different stages of fungal de-
velopment were associated with the plant responses.
Previous studies of P. pachyrhizi growth and develop-
ment provided an estimate of fungal growth stages
over time (Marchetti et al., 1975; Bonde et al., 1976;
Deverall et al., 1977; McLean, 1979; Koch et al., 1983),
but correlations between soybean gene expression re-
sponses and P. pachyrhizi development have not been
reported.

To establish relationships between P. pachyrhizi
growth stages and soybean responses, and to deter-
mine whether the biphasic response occurs in other P.
pachyrhizi-soybean interactions, we devised an exper-
imental system that minimized genomic effects caused
by different soybean genotypes. We infected the soy-
bean cv Ankur (accession PI462312) carrying the Rpp3
resistance gene with incompatible (Hawaii 94-1
[HW94-1]) and compatible (Taiwan 80-2 [TW80-2]) iso-
lates of P. pachyrhizi (Bonde et al., 2006; Hyten et al.,
2009). mRNA transcript profiling and microscopic
analyses were performed on plants sampled over a
time course spanning early, middle, and late stages of
infection. Using a single soybean genotype increased
our ability to detect small yet significant changes in
gene expression and allowed us to attribute detected
gene expression changes specifically to differences
between the two P. pachyrhizi isolates. The results dem-
onstrated that the early gene expression responses in
the compatible and incompatible interactionswere cor-
related with the penetration of epidermal cells at in-
fection sites. The second response was characterized
by more rapid and extensive alterations in gene ex-
pression in response to the avirulent isolate, and it
correlated well with the proliferation of haustoria.

RESULTS

Experimental Design and Verification of

P. pachyrhizi Infection

Ankur (Rpp3; PI462312) plants were inoculated with
urediniospores from the avirulent P. pachyrhizi isolate
HW94-1 or from the virulent isolate TW80-2. Leaf
samples were collected for microscopy at 12, 24, 48, 72,
96, 120, 144, 216, and 288 hai and for mRNA profiling
at 12, 24, 72, 144, 216, and 288 hai. Successful inocu-
lation was verified at 288 hai (12 d) by the appearance
of reddish-brown (RB) lesions on the abaxial side of
HW94-1-inoculated leaves (Fig. 1A) and similar num-
bers of tan lesions on TW80-2-inoculated leaves (Fig.
1B). These data thus confirmed the expected pheno-
types for the incompatible and compatible interactions.
RNA was extracted from leaves that were inocu-
lated with HW94-1, TW80-2, or a mock-inoculation
solution that did not contain spores. Three biological
replicates were performed with samples randomized
for treatment and collection time within each replicate
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(block). Resistant and susceptible phenotypes were
verified by measuring the abundance of a constitu-
tively expressed P. pachyrhizi a-tubulin mRNA in each
RNA sample (Fig. 2A). Quantitative reverse transcrip-
tion (qRT)-PCR assays demonstrated that similar
quantities of P. pachyrhizi a-tubulin transcripts were

present in HW94-1- and TW80-2-infected soybean
leaves through 72 hai. Starting at 144 hai, the P.
pachyrhizi a-tubulin transcript abundance dramati-
cally increased in the compatible interaction, indi-
cating prolific fungal growth and colonization. In
contrast, the P. pachyrhizi a-tubulin transcript in-
creased relatively slowly after 144 hai in the incom-
patible interaction, confirming that the expected
resistance response had occurred. These results dem-
onstrated that P. pachyrhizi infection was successful in
this experiment and that the selected P. pachyrhizi
isolates had the expected infection phenotypes in Rpp3
plants.

Microscopic Observation of P. pachyrhizi Infection

To better correlate fungal growth and development
with soybean gene expression, we monitored P. pa-
chyrhizi growth microscopically at each of the six time
points used for expression profiling and also included
48-, 96-, and 120-hai samples to allow analyses of
fungal development at an even higher resolution.

Urediniospores produced a single germ tube that
ranged from just a few micrometers to over 300 mm in
length (data not shown). Most germinating uredinio-
spores had produced appressoria by 12 hai (Fig. 2B).
The appressoria formed directly over epidermal cells
or at the anticlinal wall junction between adjacent
epidermal cells. Penetration was direct, and infection
hyphae were producedwithin the epidermal cells (Fig.
3A). Infection hyphae were present at a significant
proportion of infection sites by 12 hai andwere present
at most infection sites by 24 hai (Fig. 2B). More HW94-1
urediniospores had penetrated and produced infec-
tion hyphae at 12 hai than TW80-2, demonstrating that
HW94-1 developed slightly faster during these early
infection processes. By 24 hai, penetration and the

Figure 1. P. pachyrhizi lesions 288 hai (12 d after inoculation) on the
adaxial leaf surface of Ankur (PI462312) soybean plants carrying the
Rpp3 resistance gene. A, Tan-colored, susceptible-type lesions with
abundant uredinia after infection with the virulent P. pachyrhizi isolate
TW80-2. B, RB, resistant-type lesions caused by the avirulent P.
pachyrhizi isolate HW94-1.

Figure 2. Quantitative observations of P. pachyrhizi infection kinetics on Ankur (PI462312) soybean plants during the
incompatible (isolate HW94-1; black symbols and solid lines) and compatible (isolate TW80-2; white symbols and dotted lines)
interactions. A, Differential accumulation of P. pachyrhizi a-tubulin mRNA relative to soybean ubiquitin-3 in soybean leaves
determined by qRT-PCR (mean 6 SE; n = 3). B, Microscopic observations of infection structures in single infection colonies:
formation of appressoria (red), infection hyphae (blue), intercellular hyphae (green), haustoria (brown), and discoloration of host
cells (purple).
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development of infection hyphae were similar for
the two isolates (Fig. 2B), and many of the infection
hyphae had emerged from the infected epidermal cell
to establish intercellular hyphae within the palisade
mesophyll (Fig. 3B). The infected epidermal cells be-
came noticeably discolored by 72 to 96 hai after infec-
tion with either P. pachyrhizi isolate (Fig. 3C).

However, differences between the compatible and
incompatible interactions became apparent between
72 and 96 hai. At these time points, colonies of the
virulent isolate (TW80-2) consisted of abundant inter-
cellular hyphae, and haustoria were seen in many of
the palisade mesophyll cells (Fig. 3D). Fewer hausto-
ria were present in colonies of the avirulent HW94-1
isolate (Fig. 2B). Also during this time period, dis-
coloration was observed in the colonized palisade
mesophyll tissues (Fig. 3E), and more discolored cells
were observed in tissues colonized by HW94-1 than in
tissues colonized by TW80-2 (Fig. 2B). These differ-
ences in haustoria frequency and cell discoloration
became even greater by 120 hai (Fig. 2B). The discol-
ored cells exhibited bright autofluorescence, as did the
deposits of wall material that were often seen between
palisade mesophyll cells in tissues colonized by the
avirulent HW94-1 isolate (Fig. 3F). The colonies of
TW80-2 expanded much more rapidly than HW94-1
colonies after 96 hai. This difference in growth rate

became striking at 144 hai, whenHW94-1 (Fig. 3G) and
TW80-2 (Fig. 3H) were colonizing the spongy meso-
phyll tissues.

Expression of Soybean Genes in Response to Compatible
and Incompatible Interactions with P. pachyrhizi Isolates

The abundance of soybean mRNA transcripts was
assayed using the Affymetrix GeneChip Soybean Ge-
nome Array, and these data were deposited in the
Gene Expression Omnibus database (accession no.
GSE29740; Edgar et al., 2002) and the Plant Expression
database (accession no. GM36; Wise et al., 2007). The
Ankur (Rpp3) genetic background is the same for all
the soybean-P. pachyrhizi interactions, allowing us to
make direct comparisons between infected and mock-
inoculated plants as well as between incompatible and
compatible interactions. Statistical inference was con-
ducted using a separate general linear model analysis
for each probe set. Significantly differentially ex-
pressed probe sets were identified by statistical anal-
yses of the data from the six different time points. To
make the data set a manageable size, we filtered the
probe sets using a 0.01% false discovery rate (FDR; q#
0.0001, derived from values of P , 5.15 3 1025;
Supplemental Table S1; see “Materials and Methods”;
Nettleton, 2006). At the 0.01% FDR, probe sets were

Figure 3. Micrographs of P. pachyrhizi infection
structures on Ankur (PI462312) soybean plants
carrying the Rpp3 resistance gene. A, Infection
hypha (arrow) in epidermal cell 24 hai with
avirulent P. pachyrhizi isolate HW94-1. Uredin-
iospore and appressorium can be seen slightly
out of focus. B, Infection hypha within an epider-
mal cell 24 hai with virulent P. pachyrhizi isolate
TW80-2. The arrow indicates a penetration peg
leading to an intercellular hypha in the palisade
mesophyll below. C, Discolored infected epider-
mal cell 96 hai with isolate HW94-1. D, Hausto-
ria (arrows) and intercellular hyphae (asterisks) in
palisade mesophyll 96 hai with isolate TW80-2.
E, Discolored palisade mesophyll cells in leaf
infected with isolate HW94-1 at 144 hai. F,
Autofluorescence of discolored palisade meso-
phyll cells at 120 hai with isolate HW94-1.
Deposits that accumulate in the wall region be-
tween mesophyll cells are also highly autofluo-
rescent. G, Sparse hyphae of isolate HW94-1 in
spongy mesophyll tissue at 144 hai. H, Abundant
hyphae of isolate TW80-2 in spongy mesophyll
tissue, radiating out from the center of an infec-
tion site at 144 hai. Bars = 20 mm except for D (10
mm), E (40 mm), and F (30 mm).
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identified whose pattern of expression over the time
course inmock-inoculated plants differed from the pat-
tern of expression in the HW94-1- and/or the TW80-2
treated plants. Of these, 1,799 probe sets were differ-
entially expressed in response to both HW94-1 and
TW80-2, 27 were unique to the TW80-2 treatment, and
6,647 were unique to the HW94-1 treatment. For sim-
plicity, we hereafter refer to these probe sets as differ-
entially expressed genes (DEGs).
We also conducted statistical analyses at individual

time points for the HW94-1 versus mock-inoculated
and for the TW80-2 versus mock-inoculated compar-
isons using a 0.01% FDR cutoff. The number of DEGs
were plotted at each time point (Fig. 4), illustrating a
biphasic pattern of differential gene expression for
both induced and repressed genes, similar to our
previous analyses involving a different fungal isolate
and two different soybean genotypes (van de Mortel
et al., 2007). In the HW94-1 treatment, there were 1,833
up-regulated and 1,371 down-regulated DEGs relative
to the mock inoculation at 12 hai. However, only a
single DEG was identified at the 0.01% FDR level at 24
hai. Differential expression of both up- and down-
regulated DEGs increased from 72 hai onward, reach-
ing a maximum at 288 hai (3,562 up-regulated and
2,831 down-regulated). In the TW80-2 treatment, there
were 726 up-regulated and 158 down-regulated DEGs
at 12 hai, and no differential gene expression was
detected at 24 or 72 hai at 0.01% FDR (Fig. 4). Differ-
ential gene expression fluctuated after 144 hai, with
145, 76, and 277 DEGs at 144, 216, and 288 hai,

respectively. Unlike the incompatible interaction, the
most DEGs were observed at 12 hai, and very few genes
were down-regulated over the experimental time course.
These findings suggest that P. pachyrhizi does not elicit
host responses in both compatible and incompatible
interactions from 24 to 72 hai. However, beginning at
72 hai, differential gene expression was strongly elic-
ited in the incompatible interaction.

Functional Annotation of
P. pachyrhizi-Responsive Genes

Gene descriptions and functional annotations were
downloaded from the SoyBase GeneChip Web site
(http://www.soybase.org/AffyChip; “see Materials
and Methods”) for the 8,473 DEGs identified in our
initial statistical analysis. Functional information in-
cluded probe set matches to homologous Arabidopsis
(Arabidopsis thaliana) genes and their associated Gene
Ontology (GO) biological process terms (E # 104;
Ashburner et al., 2000). Fisher’s exact test was used
to identify GO biological process categories that were
significantly overrepresented in each data set (Fig. 5;
Supplemental Table S2; Fisher, 1966; Drǎghici et al.,
2003). A Bonferroni correction was used to adjust for
multiple testing (Bonferroni, 1935). A P value cutoff of
0.05 after correction was used. This analysis identified
54 GO biological process categories that were over-
represented. These were grouped into seven broad
categories: defense and stress responses, secondary
metabolism, regulation and transcription, hormone
signaling, metabolism, photosynthesis, and miscella-
neous.

Fourteen GO categories were significant only in the
incompatible interaction (Fig. 5; Supplemental Table
S2). In this case, differences in the numbers of incom-
patible DEGs versus the compatible DEGs in these
categories ranged from 1.4- to 34.5-fold. In three cat-
egories, photosynthesis (light reaction), cellular alde-
hyde metabolic process, and membrane disassembly,
no DEGs were identified in the compatible interaction.
Twenty GO functional classes were overrepresented in
both the incompatible and compatible interactions,
including defense and stress response (six of 16 GO
classes in this subcategory), secondary metabolism
(seven of 11 GO classes), regulation and transcription
(two of five GO classes), hormone signaling (one of
five GO classes), and metabolism (one of seven GO
classes). In each of these cases, while both interactions
were significant, far more DEGs were indicated in
the incompatible interaction (Fig. 5; Supplemental
Table S2).

To better understand the differences between com-
patible and incompatible interactions, we compared
expression in the 1,799 DEGs common to the incom-
patible and compatible interactions (Fig. 6A). To put
the DEGs in a biological context, only the 616 genes
assigned to an overrepresented GO category identified
in Figure 5 were examined. Hierarchical clustering of
expression data was performed within each GO cate-

Figure 4. Number of differentially expressed soybean genes per time
point reveals distinct biphasic responses in the incompatible (white
bars) and compatible (black bars) P. pachyrhizi-soybean interactions.
The values above and below zero represent the numbers of up- and
down-regulated genes, respectively, at each time point. These numbers
were determined for each time point by identifying genes with q #

0.0001 (0.01% FDR) when treatment with the avirulent P. pachyrhizi
isolate HW94-1 was compared with the mock inoculation or when
treatment with the virulent P. pachyrhizi isolate TW80-2was compared
with mock inoculation. Values were derived from Supplemental Ta-
ble S1.
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gory to cluster DEGs with similar expression patterns
(Fig. 6A). In general, both interactions were quite
similar. For almost all GO categories, a biphasic in-
duction of gene expression was observed. At 12 hai,
the majority of common genes were up-regulated in
both the compatible and incompatible interactions.
Gene expression returned to mock-inoculated levels at
24 hai, which was followed by a second round of
differential expression that began at 72 hai in the
incompatible interaction, while it was not detected in
the compatible interaction until 144 hai. Only the GO
category regulation of transcription deviated from this
pattern. Within this category, the expression of a ma-
jority of genes was down-regulated relative to mock
inoculation. While a slight biphasic response was seen,
expression differences between mock-inoculated and
infected tissues were much smaller.

Our analyses thus far suggested that genes common
to the compatible and incompatible interactions were
expressed in similar patterns but with different inten-
sities. Since our experiments used a single soybean
genotype, we could directly compare the difference in
fold change relative to mock inoculation between the
two interactions at each time point. Using hierarchical
clustering, we saw substantial differences in the com-
patible and incompatible interactions within the com-
mon genes. At 12 hai, the incompatible interaction had
significantly greater up-regulation than the compatible
interaction. While the dip in gene expression was still
seen at 24 and 72 hai, clear signs of greater differential
expression in the incompatible interaction were seen
from 72 hai onward.

We also used the GO information to examine the
6,647 DEGs unique to the incompatible interaction. Of

Figure 5. Overrepresented GO biologi-
cal process classification of P. pachyrhizi-
responsive genes as determined by
Fisher’s exact test (Fisher, 1966). The
total numbers of differentially ex-
pressed genes in the incompatible
and compatible P. pachyrhizi-soybean
interactions are represented by black
and white bars, respectively. DEGs
common to both interactions are rep-
resented by gray bars. Since a DEG
could be associated with multiple GO
processes, it could be represented mul-
tiple times. Individual GO categories
have been grouped into broader func-
tional categories, which are labeled.
Only significantly (P # 0.05) overrep-
resented GO categories are shown.
One asterisk following a GO descrip-
tion indicates that the GO category is
overrepresented only in the compati-
ble interaction. Two asterisks following
the GO description indicate that the
GO category is overrepresented only
in the incompatible interaction. For
GO category identifiers and the com-
plete data set, see Supplemental Ta-
ble S2.
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these 6,647 DEGs, 2,086 DEGs mapped to the statisti-
cally overrepresented GO categories in Figure 5. When
expression patterns between the common and unique
gene sets were examined, the differences were striking

(Fig. 6). Unlike the common genes that tended to be
up-regulated relative to the mock inoculation, the
expression patterns of genes unique to the incompat-
ible interaction were more diverse. For example, in the

Figure 6. Changes in soybean gene expression demonstrate a biphasic response to P. pachyrhizi infection. To put genes in a
biological context, only DEGs mapping to an overrepresented GO biological process category (Fig. 5) are shown. Data are
shown for all 54 overrepresented GO categories, but only GO categories containing more than 25 DEGs are labeled. Within
each GO category, hierarchical clustering was used to group DEGs with similar expression patterns. A, The seven major GO
categories are labeled at left. The first 12 columns (IM-12hai to CM-288hai) contain gene expression analyses of the 1,799 DEGs
common to the incompatible and compatible P. pachyrhizi-soybean interactions compared with mock-inoculated plants (IM
and CM, respectively) over six time points. Black boxes represent no change in gene expression compared with the uninfected
mock-inoculated treatment, magenta indicates up-regulation, and green indicates down-regulation. More intense colors
represent greater fold change (log2 transformed), as shown on the scale. The final six columns (D-12hai to D-288hai) directly
compare fold change in gene expression for each time point between the incompatible versus mock-inoculated and compatible
versus mock-inoculated interactions. Black signifies equal expression in the incompatible and compatible interactions, magenta
signifies greater expression in the incompatible interaction, while green signifies greater expression in the compatible
interaction. B, Gene expression analyses of the 6,647 DEGs unique to the incompatible interaction. The labels to the right
indicate GO subcategories of the seven major categories listed in A. Black indicates no change in expression relative to mock-
inoculated plants, while magenta and green indicate up- and down-regulation, respectively. For both panels, a DEG may be
represented once per GO category but multiple times across different GO categories.
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defense and stress subcategory, approximately half of
the 715 unique genes were up-regulated by P. pachyr-
hizi infection, while the rest were down-regulated.
Furthermore, for DEGs slightly down-regulated at 12
hai, we saw increasing down-regulation from 144 to
288 hai. In the broader category of secondary metab-
olism, an additional 84 DEGs were identified, with
equal numbers of DEGs up- and down-regulated. In
the regulation and transcription subcategory, an addi-
tional 215 unique genes were differentially expressed.
While the majority of these genes were down-regu-
lated, those associated with transcriptional regulation
of the defense response were up-regulated. In order to
understand how gene expression and function are
related to plant defense, we will focus below on the
GO biological process categories of hormone signal-
ing, regulation and transcription, defense and stress
responses, metabolism, and photosynthesis.

Hormone Signaling

Four GO categories involved in hormone signaling
were overrepresented in the incompatible interaction:
responses to salicylic acid, jasmonic acid, and abscisic
acid stimuli as well as jasmonic acid biosynthesis (Fig.
6). Only the response to salicylic acid stimulus cate-
gory was overrepresented in the compatible interac-
tion. For DEGs common to both interactions (Fig. 6A),
most were up-regulated by P. pachyrhizi infection, with
greater expression in the incompatible interaction.
However, for DEGs unique to the incompatible inter-
action (Fig. 6B), we saw both up- and down-regulation
in response to P. pachyrhizi. All three hormones are
involved in defense, wounding, or abiotic stress re-
sponses (Davies, 2010). Salicylic acid is involved in
defense against biotrophic pathogens and in systemic
acquired resistance (Bari and Jones, 2009; Van Verk
et al., 2009). In contrast, jasmonic acid, a salicylic acid
antagonist, is usually involved in defense against in-
sects and necrotrophic pathogens. Abscisic acid acts as
a negative regulator of plant defenses. In this exper-
iment, the incompatible interaction appears to have
activated signaling through the salicylic acid, jasmonic
acid, and abscisic acid pathways.

Regulation and Transcription

Four GO biological process classes associated with
regulation and transcription were overrepresented in
the incompatible interaction (Fig. 5). Two were com-
mon to both interactions, while regulation of tran-
scription and hydrogen peroxide metabolism were
unique to the incompatible interaction. Only 7% of
probe sets present on the array in the regulation of
transcription category were differentially expressed in
the compatible interaction, while 30% were differen-
tially expressed in the incompatible interaction.

To test if particular transcription factor classes were
differentially expressed, we used the soybean locus
name assigned by the whole soybean genome assem-

bly (Schmutz et al., 2010) to cross-reference the DEGs
with SoyDB, a soybean transcription factor database
(Wang et al., 2010). Sixty-three transcription factor
classes, representing 2,194 probe sets, were identi-
fied on the array. By combining this information with
differential gene expression data, we could use
Fisher’s exact test (Fisher, 1966; Drǎghici et al., 2003)
with a Bonferroni correction (Bonferroni, 1935) to
identify overrepresented transcription factor classes
in our data. While no transcription factor families were
significantly overrepresented in the compatible inter-
action, WRKY (P = 0), bHLH (P, 0.005), MYB-HD like
(P , 0.01), and C2C2 (Zn) CO-like (P , 0.02) tran-
scription factors were overrepresented in the incom-
patible interaction. Expression patterns of the 118 and
479 differentially expressed transcription factors com-
mon to both interactions and unique to the incompat-
ible interaction, respectively, are shown in Figure 7. In
this heat map, the transcription factors common to
both interactions have stronger expression patterns in
the incompatible interaction (Fig. 7A). In addition,
while some transcription factors were down-regulated
at 24 and 72 hai in the compatible interaction, their
expression can still be detected in the incompatible
interaction. For the transcription factors uniquely ex-
pressed in the incompatible interaction (Fig. 7B), we
saw increased DEGs in certain families, including
AP2-EREB, AUX-IAA-ARF, bHLH, C2C2, C2H2, ho-
meobox, MYB-HD, NAC, TPR, and WRKY, which
have diverse biological roles. bHLH (Zhang et al.,
2009), homeobox, and C2H2 (He et al., 2010) transcrip-
tion factors are generally involved in plant develop-
ment. AUX-IAA-ARF transcription factors regulate
auxin responsiveness. C2C2 transcription factors are
involved in meristem identity. Others, such as AP2-
EREB, MYB, NAC, and WRKY transcription factors,
have roles in defense and abiotic stress response (He
et al., 2010). While the MYB transcription factors were
largely down-regulated in response to P. pachyrhizi, the
NACandWRKY transcription factorswere up-regulated.

Defense and Stress Responses

Nine functional classes related to defense or stress
responses were overrepresented in both the incom-
patible and compatible interactions. For each of these
classes, differences between gene numbers in the
incompatible interaction versus the compatible inter-
action ranged from 1.25- to 2.47-fold. Genes included
in these GO categories code for peroxidases, lipoxy-
genases, lipases, phenylpropanoid synthesis genes,
resistance gene homologs, pathogenesis-related pro-
teins, and thaumatins. Six GO functional classes were
overrepresented only in the incompatible interaction.
When the numbers of differentially expressed genes
from these classes were compared, the differences
ranged from 2.76- to 4.18-fold. The largest fold changes
were seen in the response to heat, response to water
deprivation, and response to bacteria classes. Within
each of these classes, additional members of the gene
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families mentioned above were identified only in the
incompatible reaction. For example, the common
genes contained five lipoxygenases, while the genes
unique to the incompatible interaction contained an
additional 18 lipoxygenases. Other gene classes that
were unique to the incompatible interaction included
ATP synthases, heat shock proteins, NAM proteins,
and tubulins. When averaged across all GO categories
in defense and stress response, the incompatible in-
teraction had twice as many DEGs as the compatible
interaction, with 46% and 23% (respectively) of the
genes represented on the array exhibiting differential
expression in response to P. pachyrhizi infection.

Primary and Secondary Metabolism

Seven GO biological process classes involved in
secondary metabolism were overrepresented in both

the incompatible and compatible interactions. Surpris-
ingly, there was little variation in gene expression be-
tween the interactions, with differences ranging from
1.17- to 1.93-fold. On average, across all GO catego-
ries in secondary metabolism, 62% and 44% of the
genes represented on the array were differentially ex-
pressed in the incompatible and compatible responses,
respectively. We examined expression profiles of genes
involved in phenylpropanoid and flavonoid biosyn-
thetic pathways that are known to be involved in plant
defense responses through the production of various
phytoalexins and cell wall-reinforcing metabolites
(Boerjan et al., 2003; La Camera et al., 2004). In general,
the flavonoid synthesis genes displayed increased
expression at 12 hai (Fig. 8). By 24 hai, however,
most genes had returned to basal expression levels and
showed no difference between the mock-inoculated

Figure 7. Differential expression of
soybean transcription factors in re-
sponse to P. pachyrhizi infection. The
SoyDB (Wang et al., 2010) was used to
identify all transcription factors on the
Soybean GeneChip Genome Array. Ex-
pression data are shown for all differ-
entially expressed transcription factors;
however, only large families are la-
beled. Hierarchical clustering was
used to group DEGs with similar ex-
pression patterns within a transcrip-
tion factor family. Coloring and data
labels are the same as in Figure 6.
A, Gene expression patterns of the
118 transcription factors common to
the compatible and incompatible P.
pachyrhizi-soybean interactions. B,
Gene expression patterns of the 479
transcription factors unique to the
incompatible interaction. Asterisks sig-
nify transcription factor classes signif-
icantly overrepresented only in the
incompatible interaction.
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and P. pachyrhizi-inoculated samples (Fig. 6). Differen-
tial expression was again evident starting at 72 hai, but
with different kinetics in the incompatible and com-
patible interactions. The differential expression of fla-
vonoid genes was generally higher and earlier in the
incompatible interaction, and the accumulation of
flavonoid mRNAs was greater in the incompatible
interaction (Fig. 6).

In primary metabolism, six different GO classes
were identified as significantly overrepresented in the
incompatible interaction. Only one of these, fat-soluble
vitamin biosynthesis, was also overrepresented in the
compatible interaction. Of the six GO categories, only
metabolic process was represented by more than 10
DEGs. Unlike secondary metabolism, in which com-
patible and incompatible gene numbers were quite
similar, almost five times more genes in the primary
metabolism category were differentially expressed in
the incompatible interaction.

Photosynthesis Related

Five statistically overrepresented GO classes in the
soybean-P. pachyrhizi data set contained genes primar-
ily related to photosynthesis. Unlike the other general

categories described thus far, large differences were
observed between the incompatible and compatible
interactions. Twenty DEGs were common to both in-
teractions, while 207 were unique to the incompatible
interaction. Between 34% and 77% of genes on the
array associated with photosynthesis, photosynthetic
electron transport, chlorophyll biosynthesis, light re-
action, or light response were differentially expressed
only in the incompatible interaction. Expression pat-
terns of these photosynthesis-related genes revealed a
biphasic pattern of down-regulation, as depicted in
Figure 9. Clearly, almost all DEGs related to photo-
synthesis were down-regulated relative to mock inoc-
ulation at 12 hai. At 24 and 72 hai, down-regulation
had ceased. However, down-regulation began again at
144 hai, reaching the maximum at 288 hai.

DISCUSSION

Microscopic Observations of P. pachyrhizi Infection

To better understand the interactions underlying
the gene expression response in soybean leaves after
P. pachyrhizi infection, we performed a time-course
experiment from early infection through symptom

Figure 8. Expression profiles of se-
lected genes in the phenylpropanoid
biosynthetic pathway in the incompat-
ible (white triangles) and compatible
(black circles) P. pachyrhizi-soybean
interactions. P. pachyrhizi infection
leads to up-regulation of genes in the
major flavonoid pathways, as high-
lighted by the accompanying differ-
ential expression profiles of selected
genes whose encoded enzymes cata-
lyze reactions in these secondary me-
tabolite pathways.
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development and sporulation in compatible and
incompatible interactions mediated by the Rpp3 re-
sistance gene. We monitored the growth and devel-
opment of two P. pachyrhizi isolates (compatible
interaction and incompatible interaction) microscopi-
cally and by qRT-PCR, and microarrays were used to
assess soybean gene expression. In general, the devel-
opmental rate of appressoria, infection hyphae, and
intercellular hyphae for these two isolates on the soy-
bean cv Ankur were consistent with previous micro-
scopic studies (Bonde et al., 1976; McLean, 1979; Koch
et al., 1983). However, development of the avirulent
isolate HW94-1 and the virulent isolate TW80-2 was
slightly different at 12 hai. The lower number of
penetrations and infection hyphae produced by the
virulent TW80-2 showed that it did not carry out early
infection processes as quickly as the avirulent HW94-
1. However, TW80-2 did not continually lag behind
HW94-1, because the numbers of appressoria, infec-
tion hyphae, and intercellular hyphae were similar for

both isolates at 24 and 48 hai. The first detection of
haustoria at 72 hai indicates that they were developing
rapidly between 48 and 72 hai, which is somewhat
later than the 24 to 48 hai that was reported previously
(Deverall et al., 1977; McLean, 1979; Koch et al., 1983).

After haustoria were detected, the rate of fungal
proliferation changed dramatically, and a clear dis-
tinction between the growth of TW80-2 and HW94-1
became evident. At 72 hai, virulent TW80-2 produced
significantly more haustoria than avirulent HW94-1,
and there were more necrotic and discolored cells
producing autofluorescence in the incompatible inter-
action. The autofluorescence was not observed prior to
the 72-hai time point and was likely due to the accu-
mulation of phenolic compounds as part of a mounting
defense response. These results indicate that Rpp3-
mediated resistance was active at 72 hai and acting to
limit the growth of HW94-1. Subsequently, HW94-1
elicited more extensive discolored, autofluorescent, and
necrotic cells and produced clearly fewer intercellular
hyphae than TW80-2 (compare the incompatible inter-
action in Fig. 3G with the compatible interaction in Fig.
3H), demonstrating that Rpp3 resistance was activated
as HW94-1 attempted to grow.

In the compatible interaction, TW80-2 made a de-
velopmental transition from slow to rapid growth
between 72 and 144 hai. The time that this transition
occurred in the compatible interaction also correlated
well with the time at which the defense response
became more prominent in the incompatible interac-
tion, demonstrating that the Rpp3 resistance response
increased as HW94-1 also attempted to make this
transition (i.e. more cells became engaged in the
defense response). Differential P. pachyrhizi infection
kinetics in compatible and incompatible interactions
are consistent with previous reports (Marchetti et al.,
1975; McLean, 1979; Keogh et al., 1980; Pua and Ilag,
1980), and they are similar to changes in infection
kinetics between the incompatible and compatible
interactions reported for poplar rust (Rinaldi et al.,
2007) and wheat stripe rust (Coram et al., 2008).

Biphasic Gene Expression in Response to
P. pachyrhizi Infection

The timeline for P. pachyrhizi growth and develop-
ment discussed above provides a framework within
which to view the complex gene expression changes
that occurred during compatible and incompatible
interactions in soybean. As we reported previously
(van de Mortel et al., 2007), P. pachyrhizi isolates induce
a striking biphasic response in soybean regardless of
interaction type. We have now observed this response
among interactions of three different soybean geno-
types (Embrapa 48, PI230970, and Ankur [PI462312])
with three different P. pachyrhizi isolates (a Brazilian
field isolate, HW94-1, and TW80-2). This biphasic
response is characterized by strong differential gene
expression at 12 hai, followed by the 24- to 48-hai
period in which gene expression returns to the ap-

Figure 9. Down-regulation of genes in photosynthesis-related path-
ways in response to P. pachyrhizi infection in the incompatible
interaction. The bioinformatics programMapMan was used to visualize
the effect of P. pachyrhizi infection on photosynthetic pathways over
time. DEGs down-regulated relative to the mock-inoculated plants are
green, while those expressed similarly to the mock-inoculated plants
are white.

Soybean Rust Development and Host Responses

Plant Physiol. Vol. 157, 2011 365



proximate level of the mock-inoculated plants. In our
study, we could document that this first burst of
differential gene expression corresponded to the early
infection processes of appressorium formation and
penetration of epidermal cells. Interestingly, the de-
velopment of intercellular hyphae was coincident with
gene expression profiles that returned to mock-inocu-
lated levels. Differential gene expression appeared to
be more extensive in the HW94-1-infected plants dur-
ing this period (Fig. 4). However, as noted above, the
formation of infection hyphae in TW80-2 was delayed
relative to HW94-1 at 12 hai, while the two isolates
appeared to develop with similar kinetics at later time
points through 48 hai. Based on this observation, it is
possible that the apparently stronger differential gene
expression in response to HW94-1 at 12 hai was not
due to Rpp3-mediated defenses but rather to a slight
lag in the development of TW80-2 during the early
infection processes. An alternative explanation for the
stronger response to HW94-1 at 12 hai is that there
could be some level of AvrRpp3 recognition in Rpp3
plants.

Following the early burst of gene expression is a qui-
escent period from 24 to 48 hai in which P. pachyrhizi
continues early infection processes, but it does not
elicit strong differential gene expression within soy-
bean. During this time, the numbers of appressoria,
infection hyphae, and intercellular hyphae plateaued
for bothHW94-1 and TW80-2. It is interesting that both
P. pachyrhizi isolates cause such pronounced responses
at 12 hai, yet gene expression returns nearly to normal
by 24 hai. These observations suggest that P. pachyrhizi
elicits a nonspecific defense response similar to PTI
that was noneffective in stopping the pathogen. P.
pachyrhizi is then able to suppress or evade early de-
fense responses upon the development of intercellular
hyphae and grow undetected after the initial penetra-
tion into the leaf mesophyll.

Our integrated microscopy-microarray approach
identified the 72-hai time point as the benchmark for
dynamic changes in P. pachyrhizi growth and develop-
ment as well as the beginning of the second phase of
soybean gene expression changes. The key factors
influencing these changes were most likely related to
the appearance of haustoria. At 72 hai, we found a
second phase of differential gene expression develop-
ing in soybean leaves inoculated with HW94-1 but not
the TW80-2 isolate. Unlike the first phase of differen-
tial gene expression, TW80-2 development was not
delayed relative to HW94-1, because it had actually
formed more haustoria than HW94-1. As the time
course continued from this point, TW80-2 developed
more rapidly and extensively in the Rpp3 plants than
HW94-1. The stronger differential gene expression
elicited by HW94-1 during this second phase is con-
sistent with the activation of Rpp3-mediated resis-
tance. In a previous study, we showed that P. pachyrhizi
altered soybean gene expression in a biphasic manner
and that the second phase of gene expression occurred
earlier and at a higher magnitude in plants that carried

the Rpp2 resistance gene (van de Mortel et al., 2007).
That second phase of gene expression also began at 72
hai and occurred more rapidly and with a greater
magnitude in the incompatible interaction. Given the
similar kinetics of the Rpp3 and Rpp2 resistance re-
sponses, we infer that Rpp2-mediated resistance is also
activated as the haustoria form.

The formation of haustoria by rust fungi results in
increased surface area in close contact to the host cell
plasma membrane. Rusts acquire nutrients from host
cells through the haustoria and produce secreted pro-
teins that are trafficked from haustoria into the plant
cells (Staples, 2000, 2001; Voegele and Mendgen, 2003;
Catanzariti et al., 2006). The set of secreted fungal
proteins known as effectors that enter plant cells
presumably carry out functions needed to promote
nutrient acquisition and suppress host defense re-
sponses (Ellis et al., 2007b). Some fungal effectors also
serve as avirulence determinants when they or their
activities are recognized by corresponding resistance
proteins in the plant (Stergiopoulos and de Wit, 2009).
The induction of Rpp3-mediated resistance in Ankur
coinciding with the formation of haustoria suggests
that the putative AvrRpp3 product is produced by
HW94-1, trafficked into the Ankur cells, and detected
directly or indirectly by the Rpp3 resistance protein.
AvrRpp3 has been neither genetically defined nor
cloned, and similarly, the Rpp3 resistance gene has
not been identified. Thus, it is currently not possible to
determine if AvrRpp3 actually is expressed in hausto-
ria, trafficked into host cells, and recognized intracel-
lularly. Alternatively, the putative AvrRpp3 product
could be secreted into the apoplast or extrahaustorial
matrix and recognized by an Rpp3 protein that is
localized to the surface of the cell (Stergiopoulos and
de Wit, 2009). Interestingly, Rpp3 maps to a genetic
interval containing several nucleotide-binding site
Leu-rich repeat resistance gene analogs (Hyten et al.,
2009). If Rpp3 is indeed a nucleotide-binding site Leu-
rich repeat protein, then it would likely mediate the
recognition of AvrRpp3 inside plant cells. We note that
HW94-1 continues to grow and develop, albeit at a
much reduced rate relative to TW80-2, demonstrating
that Rpp3 resistance is not completely effective in
immediately halting infection (Fig. 2A). The slow
growth and development of HW94-1 in Ankur leads
to continued and increasing differential gene expres-
sion through 288 hai. If Rpp3 resistance were 100%
effective, one could expect that fungal growth would
completely cease and that the resistance-associated
gene expression response would be more transient.

Additional evidence that the earlier second phase
in the incompatible interaction was specific to Rpp3
comes from the interactions that HW94-1 and TW80-2
have with other cultivars. HW94-1 is virulent on
cultivars such as Williams, resulting in tan lesions,
and TW80-2 is avirulent on Rpp4 genotypes such as
PI459025B, resulting in RB lesions (Bonde et al., 2006).
These observations suggest that the differential re-
sponses to HW94-1 and TW80-2 beginning at 72 hai

Schneider et al.

366 Plant Physiol. Vol. 157, 2011



were most likely specific to the Rpp3 resistance re-
sponse. However, because HW94-1 and TW80-2 are
not isogenic, we must also entertain the possibility
that factors other than the AvrRpp3-Rpp3 interaction
contributed to the differential responses observed on
Ankur plants. Plant pathogenic fungi produce an
array of effectors that can vary from one isolate to
another, which could affect the interactions in isolate-
specific ways.
A few studies now have investigated gene expres-

sion in soybean or the related species Glycine tomentella
in response to P. pachyrhizi (Panthee et al., 2007, 2009;
van de Mortel et al., 2007; Choi et al., 2008; Soria-
Guerra et al., 2010a, 2010b; Tremblay et al., 2010). Of
these, studies by van de Mortel et al. (2007) and Soria-
Guerra et al. (2010a) used time courses that were
extensive enough to potentially observe the biphasic
response. The biphasic response in soybean is sup-
ported by our previous study, which was conducted
with a different P. pachyrhizi isolate and with different
soybean germplasm (van de Mortel et al., 2007). Gene
expression in response to P. pachyrhizi was also mon-
itored in G. tomentella over a time course spanning 12
to 72 hai (Soria-Guerra et al., 2010a). The authors
observed similar numbers of DEGs at 12, 24, 48, and 72
hai, and there was extensive overlap in gene expres-
sion between compatible and incompatible interac-
tions and between time points (i.e. a large drop in the
number of differentially expressed genes was not
observed at 24 hai compared with 12 hai, as we
observed [van de Mortel et al., 2007; this study]). We
performed hierarchical clustering and generated heat
maps using the fold change data provided for the G.
tomentella experiment and found that few G. tomentella
genes were expressed in a biphasic manner (data not
shown). These observations suggest that the first
phase of the biphasic response to P. pachyrhizi may
be much less pronounced or nonexistent in G. tomen-
tella. The lack of a response specific to the incompatible
interaction in G. tomentella may be due to the exper-
imental time course. If the resistance response were
activated beginning at 72 hai or later, as in our study,
then major differences in gene expression would not
have been found in the compatible and incompatible
interactions in the studies reported by others. It would
be interesting to perform a microscopic analysis of
compatible and incompatible interactions to deter-
mine the kinetics of P. pachyrhizi growth and develop-
ment in other Glycine species. This particular G.
tomentella resistance response is not accompanied by
macroscopic signs (Soria-Guerra et al., 2010a), so it is
not possible to visually determine if it is elicited early
or later as the haustoria form.

Nature of the Differentially Expressed Genes

We divided the soybean DEGs into two basic sets:
(1) 1,799 DEGs expressed in response to HW94-1 and
TW80-2 (common genes); and (2) 6,647 DEGs ex-
pressed in response to HW94-1 alone (unique genes).

Only 27 DEGs were identified as unique in response to
TW80-2. Therefore, the genes in Ankur that responded
to TW80-2 were essentially a subset of those genes that
responded to HW94-1. More interestingly, the very
large set of unique genes provides a glimpse at a very
complex resistance response mediated by Rpp3.

The common and unique sets of genes both exhib-
ited biphasic expression patterns. The majority (75%)
of common differentially expressed genes were up-
regulated during the compatible and incompatible
interactions, indicating that they had the most robust
response to P. pachyrhizi (Fig. 6A). In contrast, only 41%
of the DEGs unique to HW94-1 were up-regulated
relative to the mock-inoculated plants (Fig. 6B). When
the expression of annotated transcription factors was
examined, approximately 55% were up-regulated
among the common genes (Fig. 7A), whereas among
the unique genes, only 33% were up-regulated (Fig.
7B). Therefore, there appears to be a clear difference in
the expression profiles of genes that are differentially
expressed in both interactions versus those unique to
the incompatible interaction.

The GO categories related to photosynthesis were
overrepresented among genes unique to the incom-
patible interaction (Supplemental Table S2). The ex-
pression profiles of these genes show that they are
exclusively down-regulated in response to HW94-1
(Fig. 6B). The relationship between the photosynthetic
machinery and plant defense is not well understood.
There are many observations that the expression of
genes related to photosynthesis is down-regulated
rapidly in response to both virulent and avirulent
pathogens (Bolton, 2009). Recently, Bilgin et al. (2010)
compared plant microarray data from 22 sources of
biotic stress in eight different plant species and found
decreased expression of photosynthesis-related genes
regardless of pathogen or plant species. These obser-
vations show that plant cells undergoing resistance
responses or pathogen attack rapidly down-regulate
the expression of photosynthesis-related genes. This
may allow plants to better allocate resources to defend
against pathogen attack (Bolton, 2009).

Our data for soybean rust are in agreement with
those other plant-pathogen interactions. Furthermore,
our data demonstrate how the down-regulation of
photosynthetic genes is a feature of both nonspecific
and specific defense reactions. At 12 hai, during the
nonspecific phase of the interaction, there is a dramatic
decrease in the expression of photosynthesis-related
genes in response to HW94-1, and even though these
genes did not meet the rigorous significance cutoff in
the TW80-2 response, there was a general trend for
their down-regulation in the compatible interaction.
This initial response is akin to PTI responses, which
have been associated with decreased expression of
photosynthesis-related genes (Bolton, 2009). In both
interactions, the expression of photosynthesis-related
genes returned to mock-inoculation levels, but begin-
ning at 144 hai, there was a second, sustained down-
regulation of these genes in response to HW94-1. In the
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TW80-2-infected plants, the expression of these genes
also trended downward, but at later time points and to
a much smaller extent. The down-regulation of these
genes correlated well with the appearance of RB
lesions surrounded by intensely chlorotic regions by
12 d after inoculation in the incompatible interaction,
while tan lesions that developed in the compatible
interaction were surrounded by green or slightly chlo-
rotic tissue (Fig. 1). The stronger repression of photo-
synthesis-related genes in the incompatible (HW94-1)
interaction suggests that TW80-2 may modulate the
response of the photosynthesis-related genes in the
compatible interaction or simply does not elicit mas-
sive changes in their expression. Active modulation of
photosynthesis-related genes would be consistent
with the green island effect characterized by sustained
photosynthesis in tissues infected with biotrophic
fungi (Schulze-Lefert and Vogel, 2000).

Tremblay et al. (2010) observed significant down-
regulation of photosynthesis-related genes in the com-
patible response in soybean to P. pachyrhizi. The tissues,
examined from later stages of infection development,
were largely discolored and possibly undergoing cell
death and senescence responses. Long-term decreases
in the expression of photosynthesis-related genes in
compatible interactions would be consistent with ob-
servations of actual photosynthesis in P. pachyrhizi-
infected soybean leaves. As P. pachyrhizi infection
progresses, reduced photosynthesis and assimilation
of CO2 occur, due in part to defoliation and reduction
of the green leaf area index as lesions form (Kumudini
et al., 2008a). In addition, P. pachyrhizi also reduces the
efficiency of photosynthesis in the remaining green
tissues that visually appear to be healthy (Kumudini
et al., 2008b). This suggests that the down-regulation
of photosynthesis observed by Tremblay et al. (2010)
is a consequence of disease and not a resistance
response. Looking at earlier time points in the com-
patible interaction, we did not find significant down-
regulation of photosynthesis-related genes, most likely
because the number of cells undergoing cell death was
a relatively small proportion of the cells examined and
their gene expression changes were diluted. In con-
trast, the down-regulation of photosynthesis-related
genes in the incompatible interaction was due directly
to the resistance response, with a much larger number
of cells undergoing the hypersensitive response and
cell death. It will be interesting to further investigate
the relationship between P. pachyrhizi-soybean inter-
actions and photosynthetic processes.

Another interesting class of genes is the transcrip-
tion factors. Comparison across transcription factor
classes on the common and unique-to-HW94-1 gene
lists reveals very distinct profiles of expression. A few
examples of this are the WRKYand NAC transcription
factors that are nearly all up-regulated on both lists.
The AUX-IAA-ARF and MYB-HD classes appear to be
exclusively down-regulated on both gene lists. The AP2-
EREBP transcription factors are mostly up-regulated on
the common gene list, but on the unique-to-incompatible

list, about half of them are up-regulated while the
other half are down-regulated. The differing patterns
of expression suggest coregulation among the differ-
ent transcription factor families. The AUX-IAA-ARF
and MYB-HD transcription factor classes are mostly
involved in regulating plant growth and development.
The down-regulation of these transcription factors
is consistent with the idea that growth and develop-
ment are negatively affected during pathogen defense
(Bolton, 2009). The increased expression of WRKYand
NAC transcription factors implies that their increased
expression is needed to control defense responses ei-
ther through positive or negative regulatory functions.
This is consistent with the prominent role of these
transcription factors in regulating plant defense re-
sponses (Van Verk et al., 2009). The AP2-EREBP tran-
scription factors may be involved in plant defense or
plant growth and development. The extensive repro-
gramming of host gene expression is consistent with
the large number of transcription factors that are dif-
ferentially regulated. The implication is that resistance
to P. pachyrhizi depends on a complex and interwoven
network of genes. These data combined with tran-
scriptome data from loss-of-function experiments for
R genes and downstream signaling genes will provide
key resources needed for network modeling of soy-
bean defense responses.

CONCLUSION

Analysis of soybean defense networks against P.
pachyrhizi and other pathogens requires data sets
that effectively consider the growth and development
of the invading pathogen relative to the host re-
sponses. Our results show that microscopic analysis of
P. pachyrhizi growth and development coupled with
gene expression measurements provide insight into
the responses observed in soybean at various points
during the infection process. The results also show that
P. pachyrhizi isolates can develop differently and that
differences in the timing of development can influence
the apparent response of the host plant. In addition,
we saw that the development of haustoria represents
a milestone in P. pachyrhizi-soybean interactions that
was followed by rapid proliferation of the fungus in
the compatible interaction. In the incompatible in-
teraction, formation of haustoria marked the point at
which development of the avirulent P. pachyrhizi iso-
late HW94-1 was clearly impaired. A plausible ex-
planation for these observations is that an effector
produced by HW94-1 haustoria is secreted and recog-
nized directly or indirectly by Rpp3, resulting in de-
fense responses that limit infection. P. pachyrhizi growth
and development as well as the concomitant soybean
responses all are dynamic processes. Information on the
kinetic relationships of these processes is helping to
further our understanding of the gene networks in
soybean and P. pachyrhizi that interface to mediate the
outcomes of the interaction.
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MATERIALS AND METHODS

Experimental Design and Inoculation

All inoculations were performed in the U.S. Department of Agriculture-

Agricultural Research Service Foreign Disease-Weed Science Research Unit

Biological Safety Level-3 Plant Pathogen Containment Facility at Fort Detrick,

Maryland (Melching et al., 1983). The TW80-2 isolate was originally collected

in 1980 from infected soybean (Glycine max) leaves in a field plot at the Asian

Vegetable Research and Development Center, in Taipei, Taiwan, and the

HW94-1 isolate was collected in 1994 from infected soybean leaves in Oahu,

Hawaii (Bromfield, 1984; Hartwig, 1986; Bonde et al., 2006; Hyten et al., 2009).

Urediniospores of the two Phakopsora pachyrhizi isolates TW80-2 and HW94-1

were removed from liquid nitrogen, heat shocked at 40�C for 5 min, and

hydrated at 100% relative humidity at room temperature for 16 h. Spores were

suspended in sterile distilled water containing 0.01% (v/v) Tween 20, filtered

through a 53-mm pore-size screen, and adjusted to a concentration of 5 3 105

spores mL21 by means of a hemacytometer. The Rpp3-containing soybean cv

Ankur (PI462312) used in this experiment develops resistant RB lesions when

infected with HW94-1 and susceptible tan lesions when infected with TW80-2.

Two plants per pot were inoculated at the V3 growth stage (Fehr and Caviness,

1977) by spraying approximately 10 mL of urediniospore solution with an

atomizer at 20 p.s.i. onto the adaxial surface of the leaves. The same solution

minus urediniospores was used for the mock inoculations. Following the P.

pachyrhizi or mock inoculation, the plants were placed in dew chambers for

12 h at 20�C, after which they were moved to the greenhouse at 20�C. Sup-
plemental illumination was provided by 1,000-W Metalarc lights (Sylvania)

spaced 0.6 m apart above the bench. The third trifoliolate leaves of two plants

were collected for microarray analysis for the first 12 d of infection. The

experiment followed a randomized complete block design with the three

replicates as blocks and with a full factorial treatment structure with two

treatment factors: time (six levels) and infection type (HW94-1, TW80-2, or

mock inoculation).

Tissue Collection and RNA Isolation

The three leaflets of the third trifoliolate leaves of two plants (six leaflets

total) were collected at 12, 24, 72, 144, 216, and 288 hai. One leaf was preserved

for microscopic observations (see below), and the remaining leaves were imme-

diately frozen in liquid nitrogen and stored at280�C. Leaf tissue was ground in

liquid nitrogen, and RNAwas extracted from approximately 200 mg using 1 mL

of Tri Reagent (Molecular Research Center). RNA samples were further purified

by an overnight precipitation at 220�C in 2 M (final concentration) lithium

chloride (Ausubel et al., 1994) followed by RNeasy column purification (Qiagen)

and elution in 30 mL of diethyl pyrocarbonate-treated water.

Microscopic Observations of ASR Infection Structures

At each sampling time (12, 24, 48, 72, 96, 120, 144, 216, and 288 hai), three

leaflets were collected for each infection type (HW94-1, TW80-2, and mock

inoculated) and fixed in Farmer’s solution (3:1 [v/v] 100% ethanol:glacial

acetic acid). Samples were prepared by harvesting 0.5-cm2 tissue samples

from one leaflet of the third trifoliate during the first 9 d of infection, stained

for 48 h in a clearing/staining solution containing chlorazol black (Keane

et al., 1988), and cleared in a saturated solution of chloral hydrate for several

days. In order to obtain microscopic data for the visualization of autofluo-

rescence, tissues were fixed in boiling 95% ethanol and cleared in saturated

chloral hydrate (Heath, 1984). Specimens were mounted in 50% glycerol and

examined via differential interference contrast microscopy. Specimens pre-

pared for autofluorescence were examined using an epifluorescence micro-

scope (Leitz Fluovert; exciter filter BP 420–490, dichroic mirror RKP 510,

barrier filter LP 520).

Data were taken on individual fungal colonies developing in the infected

leaflets. Clumps of urediniospores or colonies growing close enough together

that their mycelia were in close contact were not included in the analysis.

Colonies could be examined from the appressoria that developed on the

adaxial leaflet surface down through the palisade mesophyll to the stellate

layer in the middle of the leaflet. P. pachyrhizi colonies were restricted to these

tissues during the first 96 hai, and all quantitative data were obtained while

viewing from the adaxial surface. Additional observations of fungal devel-

opment within the spongy mesophyll were obtained by viewing leaf tissues

from the abaxial surface.

Assessment of Fungal mRNA Accumulation

Fungal growth was assessed by quantifying the constitutively expressed P.

pachyrhizi a-tubulin gene by TaqMan qRT-PCR as described previously (van

de Mortel et al., 2007). The iScript One-Step RT-PCR kit for probes (Bio-Rad)

was used according to the manufacturer’s protocol with 50 ng of RNA, 300 nM

final concentration primers (forward, 5#-CCAAGGCTTCTTCGTGTTTCA-3#;
reverse, 5#-CAAGAGAAGAGCGCCAAACC-3#), and 150 nM probe (5#-FAM-

TCGTTTGGAGGCGGACTGGTTCA-3# Black Hole Quencher BHQ-1 (Inte-

grated DNATechnologies) in the following RT-PCR program: cDNA synthesis

for 10 min at 50�C, iScript reverse transcription inactivation for 5 min at 95�C,
PCR cycling at 95�C for 10 s, and data collection for 30 s at the extension

temperature of 60�C for 45 cycles. Expression data were normalized to the

soybean ubiquitin-3 gene (accession no. gi 456713, dbj D28123.1; forward

primer, 5#-GTGTAATGTTGGATGTGTTCCC-3#; reverse primer, 5#-ACA-

CAATTGAGTTCAACACAAACCG-3#; extension temperature = 65�C and

35 amplification cycles; Trevaskis et al., 2002), which showed no evidence for

differential expression in our experiments.

Microarray Labeling, Hybridization, and Scanning

RNA samples were adjusted to a concentration of 0.6 mg mL21, and soybean

mRNA transcript abundance was measured using GeneChip Soybean Ge-

nome Arrays (Affymetrix). RNA concentration and quality were determined

using a NanoDrop spectrophotometer (NanoDrop Technologies) and by RNA

Nano LabChip on a 2100 Bioanalyzer (Agilent Technologies). All steps in

labeling, hybridization, and scanning were performed at the Iowa State

University GeneChip Facility. The synthesis of labeled target copy RNA

(cRNA) used 5 mg of total RNA and was performed using the GeneChip One-

Cycle Target Labeling and Control Reagents kit (Affymetrix) according to the

manufacturer’s instructions. Ten micrograms of fragmented cRNA was hy-

bridized to GeneChip Soybean Genome Arrays (Affymetrix) according to the

manufacturer’s instructions. The quality of fragmented cRNAwas verified on

an Agilent 2100 Bioanalyzer with an RNA Nano LabChip. Washes were

performed using the EukGE-WS2v5_450 washing protocol, and microarrays

were scanned with a GCS3000 7G scanner (Affymetrix).

Statistical Analysis of Microarray Data

The base 2 logarithm of MAS5.0 signals was median centered so that the

median log-scale expression measure for each GeneChip was zero. Linear

model analysis of these normalized log-scale expression measures was

performed separately for each gene using version 9.2 of SAS (SAS Institute).

Each linear model included fixed replication effects and fixed effects for times,

infection types, and interactions between times and infection types. As part of

each linear model analysis, F tests were conducted for infection type main

effects, infection type-by-time interactions, and all possible comparisons of

infection types at each time point. These tests were used to determine if there

was significant evidence of an expression difference between infection types

when averaging over time, whether there was significant evidence that the

pattern of expression over time differed with infection type, and whether

infection types differed significantly within individual time points. Together,

these tests were used to search for genes whose expression differed in some

manner (either in level, pattern over time, or both) between infection types

within each genotype. In addition, F tests based on contrasts of means were

used to identify genes whose expression pattern over the entire time course

differed between mock- and HW94-1 treated plants and/or between mock-

and TW80-2 treated plants. A q valuewas computed for each F testP value using

themethod described by Storey and Tibshirani (2003). The q valueswere used to

produce lists of differentially expressed genes with estimated FDRs of 0.01%.

Hierarchical clustering in R programming language for statistical computing

using the Agnes function was performed on the standardized base 2 logarithm

of fold change in gene expression on various data sets according to test results.

Hierarchical clustering using Pearson correlation with average linkage in cluster

3.0 was performed for clustering the base 2 logarithm of the fold change in gene

expression of the P. pachyrhizi-regulated probe sets, and heat maps were

displayed using Java TreeView (de Hoon et al., 2004; Saldanha, 2004).

Gene Annotation

DEGs were annotated using the SoyBase Affymetrix GeneChip Soybean

Genome Array Annotation page (version 2) as described earlier (van de
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Mortel et al., 2007; http://www.soybase.org/AffyChip/). Briefly, target se-

quences fromwhich probes were designed were compared with the predicted

cDNAs from the soybean whole genome assembly (version 1.0; Schmutz et al.,

2010) using BLASTN (Altschul et al., 1997). Soybean cDNA matches had a

required minimum length of 100 bp, E value cutoff of 10230, and 95%

nucleotide identity. If no matching soybean cDNAs could be identified or

multiple cDNAs from multiple genes could not be distinguished, the

Affymetrix consensus sequence was used in place of the soybean cDNA for

further analyses. The soybean predicted cDNAs, and when necessary the

Affymetrix consensus sequences, were compared with the UniProt protein

database (Apweiler et al., 2004) and predicted cDNAs from the Arabidopsis

(Arabidopsis thaliana) genome (version 8; The Arabidopsis Information Re-

source [www.arabidopsis.org]) using BLASTX (E, 1026; Altschul et al., 1997)

and The Arabidopsis Information Resource GO and GO slim annotations

(Berardini et al., 2004) for each Arabidopsis sequence identified. In order to

cross-reference probes with soybean transcription factor families, custom Perl

scripts were used to assign transcription factor categories from SoyDB (Wang

et al., 2010) to corresponding probes based on the soybean cDNA sequence

assigned to the probe. Fisher’s exact test with a Bonferroni correction was used

to identify overrepresented GO categories or transcription factor classes (van

de Mortel et al., 2007).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Probe sets corresponding to genes that were

differentially expressed in response to P. pachyrhizi isolates HW94-1 or

TW80-2 in Rpp3 plants.

Supplemental Table S2. Grouping of overrepresented GO biological

function terms found in probe sets differentially expressed in response

to P. pachyrhizi infection.
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